Purpose The mechanism of cognitive dysfunction of subcortical ischemic vascular dementia (SIVaD) is not yet fully understood. The objective of this study was to investigate and compare the distribution of regional cerebral perfusion (CP) change in the mild forms of SIVaD, a relatively homogeneous subtype of vascular dementia, using statistical parametric mapping (SPM) analysis of the technetium-99m hexamethylproplyeneamineoxime (Tc-99m HMPAO) single photon emission computed tomography (SPECT). Materials and Methods A total of 28 patients with mild SIVaD and 33 healthy controls were prospectively recruited and underwent SPECT imaging studies between January 2012 and May 2013. SPECT was performed to measure the regional CP, and SPM was applied to the analysis of the SPECT data. Results The regional CP was significantly decreased in the bilateral insula, anterior and posterior cingulated gyrus, precentral gyrus, and subcallosal gyrus as well as the right inferior parietal lobule in the SIVaD patients compared to the controls (corrected p=0.01). The pattern of CP abnormality correlated well with those previously reported in later forms of SIVaD. Conclusions Reduction of CP in the brain areas mentioned was present earlier on in the natural course of SIVaD pathophysiology. Our study suggests that cognitive dysfunction of SIVaD may be related to these regional CP deficits.
Introduction
Subcortical ischemic vascular dementia (SIVaD) is a relatively homogeneous subtype of vascular dementia (VaD) in which lacunar infarcts and white matter lesions (WMLs) associated with small vessel disease are the primary manifestations of brain lesions [1, 2] . However, multiple lacunes and WMLs are not specific to SIVaD and may be found concomitantly in many other conditions including Parkinson's disease (PD) or even nonpathologic status.
In the absence of robust biological markers for the specific types of dementia, the differential diagnosis of dementia is based upon clinical features and requires a comprehensive neurological and neuropsychological examination. Although several types of dementia exhibit similar subcortical pattern cognitive dysfunctions and structural imaging findings such as hippocampal atrophy [3] , each entails a different pathophysiological mechanism. Functional neuroimaging such as positron emission tomography (PET) or single photon emission computed tomography (SPECT) has been widely used to evaluate the metabolism or perfusion deficits of dementia. Although no specific patterns have been described in VaD, frontal dominance of reduced cerebral blood flow and glucose metabolism has been reported [4, 5] . In particular, mild forms of SIVaD were not included in the literature, and its findings remain to be characterized. Also, most of these previous functional studies about SIVaD were conducted by drawing regions of interest (ROIs) on brain images, which is prone to operator error and is a time-consuming process. Statistical parametric mapping (SPM) analysis is more objective and convenient than ROI analysis, since it makes no assumptions about the locations of significance and compares the wholebrain data sets on a voxel-by-voxel basis [6] .
This study investigated and compared the distribution of regional CP change in mild SIVaD by performing SPM analysis of technetium-99m hexamethylpropyleneamineoxime (Tc-99m HMPAO) SPECT.
Methods

Subjects
The dementia group was evaluated for cognitive severity by using performance on the Mini-Mental State Examination (MMSE) [7] , Clinical Dementia Rating (CDR) scale and the sum of box scores of the CDR (SOB). To ensure that we compared only the mild forms of SIVaD, only patients with a CDR score of 0.5 or 1 and an MMSE score between 20 and 24 were eligible for this study. The 28 SIVaD patients simultaneously met both DSM-IV criteria [8] and the National Institute of Neurological Disorders and Stroke and the Association Internationale pour la Recherche et l'Enseignement en Neurosciences (NINDS-AIREN) criteria for probable or possible vascular dementia [9] .
Subjects were excluded if their MRI showed any evidence of cortical infarctions or structural brain disease to rule out vascular dementia induced by strategic infarction or if they had focal neurological deficits with corresponding focal lesions on 3-T MRI. Patients with a history of depression, normal pressure hydrocephalus, head trauma, drug abuse or other medical illnesses that could cause cognitive impairment were also excluded.
In addition, 33 healthy volunteers were selected as the controls, and they had none of the 29 illnesses proposed by Christensen et al. [10] to be associated with cognitive impairment. The healthy control group was matched for age, gender and education level with the patient group. The healthy controls did not have any history or symptoms of PD, memory impairment or other cognitive dysfunctions according to a dementia screening questionnaire, and they did not have any other neurological history including head trauma, epilepsy, stroke or brain surgery. There were no lacunae and no moderate or severe WMLs on the magnetic resonance images (MRIs) of the healthy controls.
A total of 28 patients with SIVaD and 33 age-matched healthy subjects participated in this study. All subjects were prospectively recruited, and studies were conducted between January 2012 and May 2013. Informed consent was obtained from all patients and control subjects, and this study was approved by the local ethics committee.
Neuropsychological Testing
The patients' general cognitive state and severity of dementia were evaluated by means of the MMSE, CDR, SOB and GDS scores. Several cognitive domains were assessed by a detailed neuropsychological battery of tests. The detailed neuropsychological battery consists of an attention test (forward digit span, backward digit span, calculation, letter cancellation), a language and related function test (spontaneous speech, comprehension, repetition, naming; Boston Naming Test, readings, writing, finger naming, ideomotor apraxia test, e.g., scissoring and brushing), a visuospatial function test (drawing interlocking pentagons and Rey Complex Figure Test) , a verbal memory test (three-word registration and recall, Hopkins Verbal Learning Test, HVLT: immediate recall, delayed recall and recognition), a non-verbal memory test (immediate recall, delayed recall and recognition of the Rey complex figure) and a frontal executive function test (contrasting program, go-no-go test, fist-edge-palm, alternating hand movement, alternating square and triangle, Luria loop, Controlled Oral Word Association Test, COWAT: animal, supermarket and letter, Color Word Stroop Test: word reading and color reading) [11] [12] [13] .
SPECT Imaging
Brain SPECT Imaging
Scans obtained for all patients and healthy controls were interleaved in time; 1,110 MBq of Tc-99m HMPAO was injected intravenously, and images were obtained 40 min later using a dual-head gamma camera (ECAM plus; Siemens Medical, Erlangen, Germany) equipped with a low-energy, fan-beam collimator. Subjects were kept in a supine position with eyes open during the scan. The room was dimly lit, and noise was kept to a minimum. Images were taken by rotating the camera a total of 360°at 3°intervals. Images were taken at a rate of 20 s per frame. The data obtained were reconstructed in a 128×128 matrix with a pixel size of 3.9×3.9×3.9 mm (FOV=240 mm, slice thickness = 7 mm) and a 20 % symmetric energy window at 140 keV. Continuous transaxial tomograms of the brain were reconstructed after backprojection with a Butterworth filter (cutoff frequency of 0.4 cycles/pixel, order 5) for noise reduction. Attenuation correction of Tc-99m HMPAO images was done using a standard commercial routine (Siemens, Erlangen, Germany).
SPECT Image Analysis
SPECT data corrected for attenuation and scatter were then converted into the ANALYZE format. Mean pixel intensity across all slices in the imaging volume was calculated. Each pixel was then thresholded at 80 % of this value to eliminate background noise and partial volume effects at the edge of the brain. Subsequently, each SPECT scan was spatially normalized by 12-parameter affine warping and sinc-linear interpolation onto a SPECT template brain provided by the Montreal Neurological Institute and reformatted to a 16-bit image of 79×95×68 voxels, each 2×2×2 mm in size. These images were spatially smoothed with a 16-mm full-width, halfmaximum Gaussian filter. Normalized regional cerebral perfusion (rCP) values were calculated by dividing the CP at each voxel by the global CP obtained for each individual.
Statistical Analysis
All statistical analyses for demographic factors were performed using the SPSS software version 17.0 package. Independent t-test was used for comparison of continuous variables, and Pearson's chi-squared analyses were used for comparison of categorical variables. Values were expressed as the mean and standard deviation. Statistical significance was assumed at a false detection rate of less than 5 % (i.e., p<0.05).
Voxel-by-voxel comparison analysis was performed with SPM2 software (based on MatLab version 6.0) on an IBM PC with a Windows XP operating system. Normalized SPECT data acquired for the mild SIVaD group were compared with data from healthy controls. Group contrasts in regional CP were estimated at each voxel using a pre-defined General Linear Model available in the SPM2 software. An ANCOVA model was fitted and a t statistic image (SPM(t)] was constructed. The covariant effects of cognitive function on the regional CBF were estimated according to the general linear model. A two-sample t-test model was fitted, and a t-statistic image (SPM[t]) was constructed. The composite t-statistic image for healthy subjects compared with SIVaD was thresholded at t>5.23, corresponding to a corrected p-value <0.01 in conjunction with a cluster filter of 50 voxels. This COWAT Controlled Oral Word Association Test a All data were represented by the number of patients with abnormal scores, and P-values were calculated by chi-square test combined application of a statistical threshold and a cluster filter has previously been shown to substantially reduce the rate of false-positive identification of activated pixels at any given threshold [14] . For purposes of visualization and anatomic localization, the t-score clusters were then projected onto the standard high-resolution T1-weighted MRI.
Results
Demographic and neuropsychologic data for the subjects are summarized in Table 1 . The distribution of age, gender and education level did not differ between the two groups. However, the MMSE, CDR and SOB scores were significantly lower in the SIVaD patients compared to the healthy controls (p<0.001). SIVaD patients showed mildly impaired memory, while language function was relatively preserved ( Table 2) . Analysis of frontal executive function only showed a statistically significant difference on COWAT, with lower scores in the SIVaD patients (Table 3) .
A significant reduction in rCP was noted in the SIVaD group as compared with controls (Fig. 1) . More specifically by location, significant reductions were shown bilaterally in the insula, anterior and posterior cingulate gyrus, precentral gyrus and subcallosal gyrus as well as the right inferior parietal lobule (t=5.23, corrected, p=0.01) ( Table 3) .
Discussion
Although patients with subcortical ischemic vascular disease have been reported to have a threefold risk of developing dementia, memory impairment does not seem to be prominent feature in its early phases [15] . Early detection of mild SIVaD can slow the progression of cognitive decline, and appropriate treatment of vascular risk factors can reduce the incidence of cognitive impairment [16] . As such, recent research has become more focused on earlier stages of vascular cognitive impairment for early diagnosis and prevention of disease progression. The insidious onset of SIVaD and mildness of findings on neurological examination suggest the role of brain imaging in identification of patients [17] . In fact, previous studies have shown that the topography of cortical thinning largely overlapped, but with increased extent and severity in SIVaD as compared to the preclinical stage, subcortical vascular mild cognitive impairment (sVCI) [18] . Consistent patterns of subcortical shape abnormalities also supported sVCI as a prodromal stage on a continuum from normal controls to SIVaD [19] . Screening tools for this transitional state or mild forms may provide a critical opportunity for disease-modifying therapy [20] . The mean duration of cognitive impairment in the SIVaD patients was relatively short at 14.12±6.89 months, in keeping with the enrollment criteria of only mild forms of the disease; Swanwick et al. found that dementia severity was correlated with duration of symptoms [21] .
We have used SPECT with SPM analysis to compare the distribution of rCP reduction in patients with mild SIVaD and healthy controls. The mild SIVaD group showed a significant reduction in bilateral insula, anterior and posterior cingulate gyrus, precentral gyrus, and subcallosal gyrus and right inferior parietal lobule. This is consistent with the predilection of ischemic lesions, which affect the prefrontal subcortical circuit in VaD, and corresponds to the decreased rCP in the frontal, temporal and parietal lobes, which was previously reported to be observed irrespective of neuropsychological deficit [22] .
The lower perfusion in the posterior cingulate gyrus, however, is interesting and has not been reported in the previous SPECT studies of patients with SIVaD. Rather, it is a wellknown area where flow or metabolism is reduced first in Alzheimer's disease (AD) [23] . In a clinical trial by Kerrouche et al., voxel-based multivariate analysis was applied to distinguish VaD from AD on F-18 FDG PET. The study demonstrated that the posterior cingulate gyrus was a common area of hypoperfusion in both VaD and AD compared to controls [24] . It may also be of note to point out that perfusion in the posterior cingulate was lower in AD compared to VaD, as would be expected, and that VaD patients did show lower perfusion in the anterior cingulate compared to AD. Therefore, the hypoperfusion that was noted in both anterior and posterior cingulated gyri of mild SIVaD patients in the present study was in line with the above-mentioned studies.
Furthermore, several recent studies have reported that cortical thinning in the posterior cingulate cortex was observed in SIVaD patients with a negative C-11 Pittsburgh compound B (PiB) PET scan [25, 18] . Therefore, the authors speculated that this cortical thinning was not caused by concomitant AD pathologies, but rather that it could be explained by the involvement of the anterior cingulate gyrus, which in turn leads to secondary degeneration in the posterior cingulate gyrus through the cingulum. An alternative explanation could be due to microinfarcts in the posterior cingulate cortex. Regional CP reduction that was found in the posterior cingulate gyrus in mild SIVaD patients in our study could be consistent with these findings. However, we did not perform PiB PET scans, and histologic confirmation for AD was not feasible. Therefore, the possibility of concomitant AD pathologies cannot be excluded, and this remains a limitation of our study.
To our knowledge, this is the first study to evaluate the rCP of the mild form of SIVaD, which is an often overlooked population. Although additional information, such as the number of lacunae or extent of white matter lesions, was not included as other imaging studies such as MRI were outside the primary focus of our study, the patient group was prescreened by MMSE, CDR and SOB scores, which is reasonable for the purpose of determining mild SIVaD. Another defining characteristic of our research was the application of SPM analysis in SPECT imaging, which has been emerging as a promising field.
In conclusion, mild SIVaD presented with a significant reduction in rCP compared with healthy controls. Moreover, these regional CP deficits correlated well with those previously reported in later forms of SIVaD, except for lower perfusion in the posterior cingulate cortex. These findings help illustrate the natural course of the SIVaD pathophysiology, which plays an important role in early detection as well as the development of more targeted therapies tailored to the mild form. Further longitudinal studies with larger samples are warranted to provide a more complete understanding for application as a reliable screening tool and in conducting clinical research and pharmaceutical trials. 
